Considerable work has been done on the equilibria of water and electrolytes of the body under normal and under experimental conditions. Goldblatt and his coworkers (1, 2) produced experimental methods for the production of renal "ischemia" in animals and as a result it is now possible to study the distribution of water and electrolytes between blood and skeletal muscle of tenally abnormal dogs. The data obtained should indicate the possibility of any disturbances in body equilibria. In view of these possibilities, experiments were carried out (1) to obtain data on the water and electrolyte equilibria in the blood and muscle of dogs with abnormal renal circulation resulting in hypertension, and (2) to observe the changes in the equilibrium between serum and tissue following an increase in total body water. The latter may be regarded as a study of acute edema of muscle tissue in experimental hypertension.
(Received for publication, November 19, 1942) Considerable work has been done on the equilibria of water and electrolytes of the body under normal and under experimental conditions. Goldblatt and his coworkers (1, 2) produced experimental methods for the production of renal "ischemia" in animals and as a result it is now possible to study the distribution of water and electrolytes between blood and skeletal muscle of tenally abnormal dogs. The data obtained should indicate the possibility of any disturbances in body equilibria. In view of these possibilities, experiments were carried out (1) to obtain data on the water and electrolyte equilibria in the blood and muscle of dogs with abnormal renal circulation resulting in hypertension, and (2) to observe the changes in the equilibrium between serum and tissue following an increase in total body water. The latter may be regarded as a study of acute edema of muscle tissue in experimental hypertension.
For the sake of simpler interpretation, the system with which this study deals may be considered to consist of muscle cells (intracellular phase) surrounded by an interstitial fluid (extracellular phase) which are in osmotic equilibrium with the blood plasma. The limitations of such a consideration are fully realized. It has always been assumed that under normal metabolic conditions the intracellular phase of skeletal muscle contains no chloride, and that under normal conditions the inorganic ions do not move across the barrier between the extracellular and intracellular phases of the muscle. This condition of functional permeability exists only as long as the normal metabolic state of the muscle is maintained. Therefore, in these experiments on dogs with abnormal renal circulation we must assume the existence of the normal metabolic state of the skeletal muscle.
Physiological Procedures
The dogs selected for these experiments were tractable animals which could be trained to lie quietly on a board for 1 hour while the blood pressures were being taken. They were maintained in metabolism cages on a diet of meat and globe dog chow for the 3 weeks preceding the operations and during the experimental period. The control mean blood pressures of the dogs were taken at 3 day intervals for 2 weeks before the dogs were operated. The mean blood pressure was recorded on a kymograph 2O5
by means of a mercury manometer connected through a large glass cannula with a gauge 18 needle, which was introduced by direct puncture into the femoral artery. A 2.5 per cent sodium citrate solution was used as the anticoagulant in the system. The blood pressure tracings were generally run 10 to 15 minutes with each arterial puncture, or for a sufficient time to allow the blood pressure to be stabilized. The weights of all of the dogs were between 9 to 15 kilos and their control mean blood pressures between 110 and 130 ram. Hg. After the normal blood pressure of each animal was established the constriction of the renal arteries according to the Goldblatt technique (1) was carried out. The bilateral constriction of the renal arteries was generally performed in two stages. That is, one renal artery was first partially clamped approximately ~ to ~ turn from zero. 10 to 14 days later the other renal artery was clamped the same extent. On the operated animals weekly mean blood pressures were recorded. The animals that developed a mean blood pressure of 180 ram. Hg and upwards were classed as hypertensive. Nembutal anesthesia was used in all operative procedures. If the dogs did not develop hypertension with the first clamping, a second approach was tried and the clamp tightened ~ to ~ turn more.
The animals with experimental renal "ischemia" of the Goldblatt type were mainrained for a month or so in order that the effects of their renal abnormality on the distribution of fluids in the blood and skeletal muscle could be ascertained.
For the injection experiments, all dogs were anesthetized with nembutal. The blood pressure was continuously recorded from the carotid artery throughout the injection. A cannula was introduced into the femoral artery, 20 cc. of blood were taken under oil for serum analyses, and 10 cc. of whole blood were defibrinated for whole blood analyses. One rectus abdominis muscle was then removed for the initial analyses.
The animals received an intravenous injection of 170 cc. per kilo of body weight of a normal isotonic salt solution consisting of 129 rnM of NaCl + 25 I~ of NaHCO,. The injection of this solution which was warmed to 38 ° was given by gravity at a rate of 40 cc. per minute. 30 minutes after completing the injection of the isotonic solution, blood and the opposite rectus abdominis muscle were removed for the final analyses. The urine was collected during the entire experimental period, and the peritoneal fluid was removed from the cavity following the termination of the experiment, in order to measure the volumes of these fluids and to determine the sodium and chloride concentrations.
The muscle when removed from the dog was quickly placed in a large glassstoppered weighing bottle. It was then wiped with gauze, placed on tile, and trimmed quickly to remove all visible connective tissue, blood vessels, and fat. The muscle was returned to the weighing bottle, minced with scissors, and aliquot parts were weighed for all analyses.
Chemical Methods and Calculations
The following determinations were made on the serum: pH, total CO,, water, chloride, sodium, and potassium; on the whole blood, water, chloride, sodium, potassium, and cell volume; on the skeletal muscle, fat, water, chloride, sodium, potassium, and content of blood. All muscle analyses were corrected for neutral fat (3) and circulating blood (4) . The chemical methods and procedures used were the same as those employed in former studies (3, 5) .
The analytical data were subjected to the same method of calculation as used previously (6) 
RESULTS
The following protocol described the facts of one representative experiment. All other dogs in this series were treated in a similar way.
Dog 11 H, weight 12.4 kilos with a control mean femoral blood pressure of 120 ram. Hg, had the left renal artery partially clamped (Goldblatt technique) on June 12, 1941, and the right renal artery partially clamped on June 22. On July 1, the mean femoral blood pressure was 140 to 142 mm. Hg. On July 8, the blood pressure was 145 mm. Hg. On July 15, the second approach to left renal artery found the clamp reversed ~ turn; turned clamp down ~ turn. On July 21, the blood pressure was 160 to 165 mm. Hg. On July 28, the blood pressure was 175 to 178 mm. Hg. The blood pressure remained at the level of 190 to 200 mm. Hg for 2 months. On September 15, the weight of the dog was 13.0 kilos, and the blood pressure was 220 to 223 ram. Hg. The dog was given nembutal anesthesia. Blood and muscle were removed for initial analyses. The total body water of the dog was increased by the intravenous injection by gravity of 2300 cc. of saline solution containing 129 m~ of NaC1 -t-25 mK of NaHCOs. Blood and the opposite rectus abdominis muscle were removed for final analyses. The dog was then sacrificed. Autopsy showed a left kidney weighing 25 gin. with some necrosis and a right kidney weighing 36 gm., which appeared normal. Table I are presented the values in detail for 5 hypertensive dogs and the mean values for 8 dogs. In Table II a summary of the average analyses of serum and muscle from normal and hypertensive dogs is given, the normal averages being included for comparison. When the findings from the hypertensive dogs are compared with those from normal dogs the greatest differences are found in the skeletal muscle values. Increases are shown in the total water of 1.2 per cent, in the chloride of 12.3 rn~, and in the sodium of 13 m_M per kilo of muscle. The potassium was 16.4 mM lower than in the normal animals. These findings suggest a greater extracellular phase volume, accompanied by a lowered intracellular Most of the 65 per cent increase in the hypertensive dogs was the result of a transference of water from the intraceUular phase, since the volume of intracellular water (H20)c per kilo of muscle in the hypertensive animal was 532 gm., the normal value being 620 gm. This low intracellular water gives by calculation a value of 71.3 per cent for intracellular water per kilo of muscle ceils, which is lower than the value of 74.1 per cent in normal muscle.
Analytical Data on Serum and Muscle.from Eight Hypertensive Dogs

Values for Constituents of Serum and Muscle.--In
TABLE III Distri~tion of Potassium between Blood Plasma and tke Muscle Phases in Hypertenslve Dogs
The values are given in millhnoles for fat-free, blood-free muscle.
Normal serum* Despite the apparent low concentration of potassium per kilo of whole muscle, its calculated concentration, either per kilo of muscle cells or per kilo of intracellular water, was found to be unchanged. Table III shows the potassium data, both analytical and calculated, of the plasma and of the muscle. The normal values are included for the purpose of comparison.
The Effect of an Increase in Total Body Water on the Volume Pkases of Skeletal Muscle from Hypertensive Dogs
A study was made of the effect of an increase in total body water as produced by the intravenous injection of 170 cc. per kilo body weight of an isotonic salt solution containing 129 m_~ of NaC1 -b 29 m~ of NaHCO8 on the phase volumes of skeletal muscle from these experimental dogs. Table IV gives one representative experiment from the group of 8 dogs. From the experimental data of this kind, a summary of the phase volume data of muscle from all animals is presented in Table V . The calculated data for 5 dogs are given in detail along with the mean values for 8 dogs. The initial phase volumes represent the ~rP~.RT~NSION phases of 1 kilo of muscle from the hypertensive animal. The final volume represent the phases of 1 kilo of muscle following the large increase in to body water. In order to calculate the absolute change in volume in the initial muscle phases, the solid content of the intracellular phase has to be assumed to be constant. Such a calculation gave the (M)/ values. These absolute mean values showed that an increase of 103 gin. per kilo of control muscle (A M) had occurred, of which 55 gin. was attributed to the extracellular phase and 58 gin. to the intracellular phase. Thus, in these hypertensive animals in which acute edema is produced experimentally in the skeletal muscle, about can be attributed to the swelling of the muscle cells and lz~ to an increase in the volume of interstitial fluid. It must be noted also that the percentage of water per kilo of cells increased from a low value of 71.3 to 73.0 per cent, or nearly the normal value of 74.1 per cent.
DISCUSSION
Throughout the interpretations of the analytical data of these experiments it has been assumed that the skeletal muscle ceils are not permeable to chloride ions. In the interpretation of the data from the animals in which the renal circulation was disturbed in order to produce high mean blood pressures, these two questions arise: Has there been any change in capillary permeability? Has there been damage to muscle cells so that they become permeable to chlo- All vain~s are expressed per kilo of fat-free, blood-free muscle. Solution injected, 129 mM of NaA1 q-25 mE of NaI-ICOB. ride? These questions cannot be answered directly, but there is evidence from the experimental data which suggests that neither eventuality is tree. When the extracellular phase of skeletal muscle is calculated from the chloride space, the resultant intraceUular phase is of the magnitude indicated by the potassium concentrations found in the muscle. Although the mean potassium concentration per kilo of whole muscle was 82.0 rn~ (15.1 m~ lower than in normal muscle), the calculated concentration per kilo of muscle cells, or per kilo of cell water, was the same as in normal muscle (Table III) . In other words, the potassium concentrations that were found and the concentrations that were calculated from the derived muscle phase volumes validate the hypothesis. Assuming, therefore, that there has been no or little damage to the muscle cells as a result of the hypertension, the calculated distribution of water in the muscle of these animals shows that there has been a redistribution o~ water, involving a shift from the muscle cells to the extracellular compartment. In Table II it was noted that there was an increase in sodium and chloride and also some increase in total water. Since sodium and chloride are extracellular ions and since their concentrations in the serum were within normal deviations it is apparent that an increase in the volume of interstitial fluid per kilo of muscle must have taken place. In the presence of a slightly increased total water content most of this increase could occur only by a shift of water from the cellular compartment. This water, equilibriating with the interstitial fluid of the body, would therefore account for the increased sodium and chloride values found in the muscle.
The shift of water from the cellular compartment to the interstitial fluid must have been the result of a decrease in osmotic pressure within the cells. Since the osmotic pressure of the intracellular fluids is largely determined by the concentration of potassium and since the potassium content of the muscle was found to be low, a shift in water resulted.
Therefore, these dogs with abnormal renal circulation resulting in experimental hypertension possessed an extracellular edema in skeletal muscle equivalent to 254 gm. per kilo of muscle, an increase in volume of 65 per cent over that found in normal dog muscle.
The next logical step is the question of how these hypertensive dogs distribute their excess total body water in skeletal muscle. After the hypertensive animals were subjected to large increases in total body water, it was found that both the extracellular phase and also the muscle cells swelled considerably. Even though extracellular edema was already present in this muscle previous to the injection there was a gain of 55 gm. of extracellular fluid per kilo of muscle following the injection, producing a total extracellular fluid volume of 309 gm. Occurring simultaneously with this gain in extracellular fluid there was a mean gain of 58 gm. in the intracellular fluid, making a total gain of 103 gm. of water per kilo of the original muscle.
It mustbe noted that the muscle cells swelled only enough for the percentage of water ~er kilo of cells to reach a value nearly equal to the value of normal muscle. In other words, from a viewpoint of normal values, although an extra 58 gm. of water shifted into the muscle cells, this was not yet enough to equal the volume usually found in normal muscle cells.
The plesent data indicate that under the conditions of the increases in total body water in these experiments there was an attempt by the body to restore the mus:le cells to a normal water and electrolyte equilibrium accompanied by an accumulation of fluid in the interstitial spaces, or in other words an acute extrace/lular edema. SIY~rMARY
The effect of an abnormal renal circulation and a resulting hypertension on the distribution of water and electrolytes in skeletal muscle of dogs was as follows: (1) By analysis of the muscle the total content of sodium and chloride was f~und increased and the total potassium content decreased. (2) A redistribution of water occurred in the muscle involving a shift of water from the muscle cells to the extracellular phase. The calculated mean values per kilo of muscle were, extracellular phase (F) = 254, q-54 gm.; intracellular water (H~0)c = 532, -4-47 gm., and total solids (S) = 214, -4-8 gm. This extracellular phase volume of 254 gm. represents an increase of 65 per cent over that found in normal dog muscle.
After subjecting the hypertensive dogs to large increases in total body water produced by the intravenous injection of normal isotonic salt solution, the total bulk of 1 kilo of muscle increased a mean average of 103 gm. of which one half was attributed to the extracellular phase and the other half to the swelling of the muscle cells.
Whether the changes found in this study are the result of the functional disturbances caused by the experimental renal abnormalities, or the hypertension, or a combination of both is uncertain at this time. The significance of the results is that there is quantitative evidence that a redistribution of water has occurred in skeletal muscle so that a real extracellular edema exists. BIBLIOGRAPHY
